Salty and brackish groundwater has been observed at least 100 km inland in some aquifers contained within Quaternary delta plains. This phenomenon limits access to fresh groundwater resources, particularly in the densely populated deltas of Southeast Asia. However, the causes of inland salinity are unclear. Here we present borehole and geophysical data that show that in the Red River delta plain of Vietnam, salty and brackish groundwater primarily occurs in incised valleys that were formed during sea-level lowstands during the Pleistocene. During the mid-Holocene, these valleys were filled with fine-grained marine deposits containing trapped seawater. We conduct groundwater flow simulations that show that the age, thickness, and permeability of the marine sediments are the primary controls on the leaching of salty porewater into the freshwater aquifer. We find that salty groundwater originating from this trapped seawater is still present in Holocene-aged sediments with low permeability, and a ects groundwater salinity in adjacent aquifers. In contrast, trapped seawater from all Pleistocene-aged sediments has been leached. We identify a number of brackish to saline delta aquifers elsewhere in Asia and throughout the world that have a similar sedimentary history, and thus are likely to be influenced by this leaching process.
T he coastal zone can be defined to encompass the continental shelf (water depth <200 m), and the adjacent 100 km of land from the coastline 1 , which hosts an estimated 20-40% of the global population and 20 of the world's 33 megacities 1, 2 . The stresses on water resources in the densely populated coastal zones are thus high, and are likely to be compounded by future sea-level rise, although the impact of this on the groundwater resource is still debated 3 . Groundwater constitutes a significant proportion of the water resources in the coastal zone, but is frequently salty or brackish due to mixing with recent or palaeo-seawater 4 . Therefore, a better hydrogeological understanding of the processes controlling the distribution of fresh, brackish and saltwater in the coastal zone is warranted for the utilization of deltaic water resources.
Processes resulting in high-salinity groundwater in coastal aquifers are: recent natural or pumped induced saltwater intrusion [5] [6] [7] , salinization due to intrusion from rivers by surfacegroundwater interactions [8] [9] [10] [11] and the occurrence of palaeo-saltwater, generated under climatic and hydraulic conditions prevailing during the Quaternary period 12 .
The ∼100 kyr Milankovitch cycles have during the Quaternary period generated large ice caps on continents and led to a sealevel lowerings of 120 to 140 m below the present level 13, 14 . These sea-level lowerings have caused the erosion of valley structures into Pleistocene delta plain sediments 15 , which during Holocene transgressions were filled up with marine sediments 16, 17 . The valleyfill sediments tend to constitute aquifers when they are coarsegrained 16 , and aquitards with salty porewater when they are finegrained and low permeability 18 . Based on a study including 36 deltas worldwide, a deceleration in the sea-level rise between 8.5 and 6.5 kyr ago (ka) has been suggested as a controlling mechanism for the development of Holocene deltas 19 . During delta-front progradation, sedimentation is dominated by coarse-grained fluvial deposits, whereas during transgressions, fine-grained marine sediments, dominated by clays, silts and fine sands rich in organic material, are deposited. In a hydrogeological perspective, this geologic scenario leads to the formation of multi-aquifer systems, with high-permeability alluvial and fluvial deposits forming aquifers and low-permeability marine and fluvial overbank deposits forming interlayered aquitards.
We have conducted a study focused on the geologic, climatic and hydraulic controls of the occurrence of salty groundwater in the Red River delta plain (RRDP) in Vietnam, and similar cases reported in the literature suggest that our findings have implications for understanding the distribution of saline groundwater in Quaternary delta systems worldwide.
The geology of Quaternary deltas and the RRDP
The geology of Quaternary deltas generally consists of coarsegrained Pleistocene, fluvial deposits and more fine-grained, Holocene deposits 19 , and the studied RRDP conforms to this model (Fig. 1a) , with three sedimentary sequences of Pleistocene age and two of Holocene age 20 . A generalized nortwest-southeast oriented geologic cross-section of the RRDP sediments is depicted in Fig. 2a . The thickness of the Quaternary deposits in the RRDP ranges from a few metres at the flood-plain apex in the northwest to 150-200 m at the coastline in the southeast (Fig. 2a) . Coarse-grained clastic alluvial and fluvial deposits were deposited during low sealevel stands in the Pleistocene and 60-80-m-deep valleys were subsequently eroded in these deposits during the latest Pleistocene lowstand (Fig. 1b) . Two major incised valley systems have been identified in the RRDP, representing a pre-Red River and the more northerly pre-Luoc River, eroded into the coarse-grained fluvial Pleistocene deposits 17, 18 . The locations of these two former rivers are indicated by the presence of brackish water in the Pleistocene aquifer today (Fig. 3a) . During the Holocene high sea-level stand (Fig. 1b) , these valley systems were filled up with fine-grained marine deposits 17 . A more detailed description of the RRDP is given in the Supplementary Information.
Saltwater in the RRDP and Quaternary deltas
In the RRDP Pleistocene aquifer, brackish groundwater is present up to 80 km inland below the two incised valley systems (Fig. 3a) . In the shallow Holocene aquifers, brackish groundwater is present as far as 75 km from the coastline, and saltwater up to 25 km from the sea (Fig. 3b) . Borehole drilling and a transient electromagnetic sounding (TEM) survey revealed that the incised valleys located in the southwestern is filled with up to 80 m of Holocene marine sediments, dominated by fine-sand, silt and clay ( Fig. 2a ) 17, 18 . Three distinct zones were seen in the geophysical survey (Fig. 2b) . The first zone is a landward section (23 km), to the left in Fig. 2b , with a nearsurface confining clay layer overlying Holocene, Pleistocene and Neogene sandstone and older limestone, all containing freshwater. The second zone is a central section (52 km) dominated by brackish groundwater. The hydrogeological interpretation suggests an uppermost 1-3-m-thick unit with confining clay layer formed by marine terraces containing brackish porewater. A second high-resistivity layer with a thickness up to 15 m represents regional Holocene unconfined and confined aquifers in sandy deposits with freshwater. A third low-resistivity layer with brackish water in Holocene deposits, down to elevation −80 m, and a fourth lowermost layer which is interpreted as representing a deep Pleistocene aquifer with brackish water. The third zone is a seaward section (53 km), to the right in Fig. 2b , shows predominantly very low electrical resistivity layers down to −30 and −40 m (Fig. 2b) . The hydrogeological interpretation of the TEM soundings in this section suggests uppermost confining clays with salty porewater, but areas with fresh, shallow groundwater are locally present. The higher resistivities in layers below are representing Pleistocene gravel and sand with brackish water. A more detailed description of the distribution of salty groundwater in the RRDP is given in the Supplementary Information.
Palaeo-saltwater has been observed at distances up to several hundred km from present coastlines in other Quaternary delta systems, with the most inland occurrence of 300 km in Bangladesh (Table 1) . Reported groundwater salinities are as high as 19,600 mg l in Table 1 must be explained with evaporation of seawater.
Modelling of saltwater leaching from aquitard sediments
The preservation of original porewater for up to 10 kyr in thick, unweathered lacustrine and marine clay deposits has been documented and was interpreted to be controlled by the thickness, A Holocene transgression as the source of the groundwater salinities is mentioned in the cited papers, with the exception of those indicated in bold, where the description indicates that a Holocene transgression could be the source of the salinity. The geographical location of the delta and coastal systems are given in Supplementary Fig. 5 , which also give the references.
the hydraulic properties of the clay and the hydraulic gradient across the aquitard 21, 22 . To test this hypothesis, numerical groundwater modelling was undertaken to assess the flushing of marine porewater from an aquitard on a geologic timescale. Initially, the effect of variations of aquitard clay thickness and hydraulic conductivity, as well as the impact of the time after sediment deposition, were modelled conceptually in pseudo one dimension using the code , and 15 g l ) after a few hundred years. The relatively slow leaching of salty porewater from sediments with a hydraulic conductivity of 10
or lower is explained by diffusion-controlled leaching of solutes out of the sediments, whereas a faster, density-driven transport is generated at higher hydraulic permeability in the aquitard clay 23 . The impact of the clay aquitard thickness on saltwater leaching by diffusion is shown in Supplementary Fig. 4 . Simulated porewater compositions in the middle of the 60-m-thick clay are approximately 1-2 g l −1
after 60 ka, in clay with a 30 m thickness the porewater will be fresh after approximately 15 ka, and in clays with a thickness below 10 m, porewater will be fresh after a few hundred years. Based on these conceptualized, one-dimensional (1D) numerical models, salty porewater in 60-m-thick aquitard sediments (K < 10 ) from the last interglacial period (Eemian; 130-120 ka) should now be replaced by freshwater, providing that the hydraulic properties of adjacent sediments permit transport out of the aquitard, and that saltwater has not subsequently been re-introduced. On the other hand, marine porewater should still be present in the Holocene marine aquitard clays.
2D hydrogeological models were constructed to assess saltwater leaching during the Holocene period (11 ka), based on the geology Fig. 2a . Modelling was done using eleven sub-models each of 1 kyr duration, in which the geologic sequence is progressively increased following the RRDP sedimentological model for the past 11 kyr (Fig. 1b) . The palaeo-hydraulic gradients in the RRDP during the Quaternary period is not known, but must, as today, have been controlled by the palaeo-gradients of the land surface. A shallow, phreatic water table is in hydraulic contact with a dense network of channels, and the thickness of the unsaturated zone only up to few metres. A prescribed hydraulic head boundary was there also used inland, and was adjusted in every sub-model period to maintain a total horizontal hydraulic gradient of 0.3 ; a hydraulic gradient comparable to the present-day situation in the RRDP. However, in the flat part of the delta, the gradient is only approximately 0.05 . Changing the total hydraulic gradient to 0.1 had a minor effect on the simulation result with respect to distribution of groundwater salinity (see Supplementary Information). Higher hydraulic gradients are physically impossible to develop during the Holocene period, as the surface water, and hence the land surface, is controlling the slope of the water table. A hydrostatic pressure distribution was applied at the coastlines in all sub-models. Using an initial chloride concentration of 20 g l −1
in both high-and lowpermeability Pleistocene deposits did not lead to results comparable to present-day observed groundwater salinities in the RRDP. Therefore, the initial concentration of chloride in the Pleistocene sediment was set to 0.1 g l −1
, and from 2.0 g l , seaward, in the Holocene clay. The scenario with initially freshwater in the low-permeability Pleistocene deposits is supported by our conceptual 1D modelling, and freshwater conditions occurring in the high-permeability layers is in accordance with observations in (Fig. 4a ) are close to marine water (15 to 20 g chloride/l) in a zone up to 40 km from the present coastline, and then gradually decrease to about 10 g chloride/l at a distance of 50-60 km from the coast. Simulated chloride concentrations in the Holocene clay are very similar to observed groundwater salinities as revealed from the exploratory borehole (Fig. 5a ) and surface geophysical measurements (Fig. 2b) . The observed peak values of 15 to 16 g l
are captured in the simulations (Fig. 5b ), but at a greater depth, due to thicker Holocene clay layers, at the site of the simulation, which is 15 km from the borehole location. Observed water stable isotope composition close to marine water (Fig. 5b) , confirms a marine origin of this water.
The simulated porewater chloride concentrations in the Pleistocene clay near the coastline are, however, higher than observations from borehole logging (Supplementary Fig. 1 ). This might be explained by an upward, advective freshwater flow through the Pleistocene clay, a process which is not included in the simulations, as a hydrostatic pressure gradient was applied in the simulations (Fig. 4a) .
Increasing the hydraulic conductivity of the Holocene clays to 10 significantly changed the salinity distribution in the entire RRDP, and a distribution not resembling the present-day situation was obtained (Fig. 4b) . The saltwater distribution with a uniform clay hydraulic conductivity of 10
is caused by the onset of downward density-driven advective transport of the heavy salty groundwater in both the Holocene and Pleistocene clays, and an increasing horizontal seaward transport in the deep Pleistocene aquifer into the sea (see Flow Animation 3 in Supplementary Information). In the simulations, the transport of salty groundwater out of the RRDP reaches a Ghyben-Herzberg steady-state condition after approximately 5 kyr from today.
Broader impacts
Continental margin delta systems can be divided into shallow deltas (shelf-edge systems), formed during relatively small (<∼150 m) eustatic sea-level changes, and deep-water deltas (shelf-delta systems) that accumulate under larger changes in the sea level 25, 26 . Holocene deltas are typically shallow deltas in which high-and lowstand permeable sediments are connected, thereby creating a good hydraulic contact between coarse-grained shelf and continental deposits. Our simulations demonstrate that in coastal aquifers, the adjustment of groundwater chloride to rapid sea-level changes in thick, lowpermeability aquitard sediments can take up to 40-50 kyr, and consequently the fresh-saltwater interface in Holocene deltas may be in a non-equilibrium state, depending on the thickness of the clays. Studies of the expansion and contraction in coastal groundwater systems, in response to the Quaternary changes in global sea level, have so far mainly been focused on the mode of seawater intrusion into existing geologic layers with variable permeability. Where the sea floods high-permeability layers, a relatively fast horizontal and vertical downward salinization will occur [27] [28] [29] , whereas salinization of low-permeability muds and clays will be slow and dominated by diffusion 24, 30 . We infer that another important salinity source in delta systems is the re-distribution of trapped saline water in marine aquitards. The slow diffusion-controlled transport of solutes out of clay layers, when the hydraulic conductivity of the layers is below 10
, affects the quality of the groundwater in adjacent aquifers for thousands of years, causing these to become brackish or salty. Hydraulic heads in the shallow aquifers of Quaternary delta plains are controlled by the interaction with rivers, and are therefore close to sea level. Hydraulic head close to sea level is also present in deep aquifers near the sea, where groundwater is transported to the sea as a submarine groundwater discharge 24, 31 . Consequently, the hydraulic gradients across aquitards in low-lying delta areas are typically small, which minimize advective flow through the deposits. A further complication regarding subsurface transport of water and dissolved solids in coastal zones is the occurrence of palaeochannels in the sediments, as these can act as preferred pathways for water transport between aquifers and the sea 32 . However, as shown in this study, these palaeo-channels might also have been filled up with low-permeability, seawater-bearing sediments. Given the magnitude of the global sea-level changes in the Quaternary period 14 , the thickness of sediments in palaeo-channels inland can be up to 100 m, and the implication is a long leaching period even on a geologic timescale.
The global sea level has been considerably lower than the presentday level for well over 90 % of the past 120 kyr (ref. 12) , and in coastal zones that are not affected by major changes in subsidence rate and sediment supply, the main transgressive event is the Early Holocene transgression 12 . Based on observations and modelling results from this study, we suggest that where low-permeability marine deposits from the Holocene period are present in Quaternary delta systems, trapped palaeo-salty porewater will be confined to these clay layers, while saltwater in Pleistocene clay has now been leached out.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of this paper.
